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a  b  s  t  r  a  c  t
The  environmental  consequences  of  the  decision  to urbanise  and  displace  peri-urban  (PU)  food  pro-
duction  are  not  typically  evaluated  within  a comprehensive,  cross-sectoral  approach.  Using  a  novel
application  of  life  cycle  assessment  (LCA)  within  exploratory  scenarios,  a  method  for integrating  housing
and  food  production  land  uses  in  PU regions  is  proposed,  based  on  relative  environmental  impacts.  Using
two  housing  types  (greenﬁeld  and inﬁll)  and  two  types  of  food  production  (ﬁeld  and  high-technology
greenhouse  (HTG)  lettuce  production),  environmental  impacts  for ﬁve  exploratory  land-use  scenarios
are compared  for PU  land  in a developed  and  growing  city.  Each  scenario  is able  to  house  an  equiva-
lent  residential  population  whilst  delivering  equal  quantities  of  fresh  food  to  a city  market.  The  results
clearly  indicate  that  inﬁll  housing  and  food  production  has  less  environmental  impact  than  greenﬁeld
development.  The  environmental  impact  categories  of  climate  change,  freshwater  eutrophication,  pho-
tochemical  oxidant  formation,  particulate  matter  formation  and  human  toxicity  are  reduced  by 25–43
percent  under  inﬁll  scenarios.  Sparing  PU land  through  inﬁll  housing  development  combined  with  sus-
tainable  food  intensiﬁcation  using  HTG  production,  enabled  multifunctional  PU land-use  including  food
production,  housing  and  afforestation  while  delivering  lower  relative  environmental  impacts.  Urban
afforestation  on  PU  land  made  available  by  these  measures  reduces  the  effect  of  climate  change  by  up to
5  percent  per hectare  per year.
© 2015  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license. Introduction
Urban areas have a substantial environmental impact in rela-
ion to their small absolute land area. Anthropogenic emissions
rom urban areas range upwards of 30 percent of the global
otal. Building-related greenhouse gas (GHG) emissions are pre-
icted to rise a further 50–150 percent by the middle of the 21st
entury as urban populations expand (IPCC, 2014). The expan-
ion of urban areas and the consequent direct changes in land
se may  contribute to environmental burdens in other sectors,
ncluding the agriculture sector — for example, when housing
s allowed to extend onto peri-urban (PU) cropland, displac-
ng food production to more remote locations (Low Choy and
uxton, 2013). Since the agriculture sector contributes a fur-
her 14 percent of total global anthropogenic emissions (United
ations Human Settlements Programme, 2011), the combined
nvironmental impact of urban expansion replacing PU farms may
∗ Corresponding author.
E-mail address: alison.rothwell@uws.edu.au (A. Rothwell).
ttp://dx.doi.org/10.1016/j.landusepol.2015.06.017
264-8377/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
be signiﬁcant. Typically, however, these consequences are not
evaluated comprehensively using a cross-sectoral approach. Few
environmental studies have attempted to analyse the continued
provision of fresh perishable food following displacement of PU
agriculture.
Furthermore, the potential trade-offs between different envi-
ronmental impacts that may  occur have seldom been analysed.
For example, reductions in GHG emissions may  coincide with
increases in other environmental effects associated with urban sys-
tems: increased particulate matter (Brochu et al., 2011); declining
water quality (Tong and Chen, 2002); increased ozone concen-
tration (Sicard et al., 2013); human toxicity; and water scarcity.
Inhaled particulate matter may  contribute to human ill health;
declining water quality affects urban ecosystems. Increased ozone
levels may  adversely affect certain materials as well as human
and plant health. Human toxicity results from the persistence of
harmful chemicals leading to toxicity in the environment and in
the food chain. Various chemicals are known to affect cognitive
development, with research indicating that children may  be more
at risk in urban areas than in rural regions (Calderón-Garciduen˜as
et al., 2008; Liu and Lewis, 2014). A growing awareness of the need
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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or efﬁcient use of water resources in urban areas is reﬂected in
easures to secure water supplies and water-scarcity pricing is
eginning to appear on government agendas (Frontier Economics,
011). Comparisons within a suite of environmental impacts per-
it  trade-offs to be examined, together with a clearer appreciation
f regional relevance.
The present study describes an approach for integrating hous-
ng and food-production land usage in PU regions, based on their
elative environmental impacts. Using combinations of two hous-
ng types with two types of lettuce production, the environmental
mpacts of ﬁve exploratory PU land-use scenarios were analysed
sing a life cycle assessment (LCA) approach. Primary data was
pplied wherever possible. All scenarios accommodate equal resi-
ential populations and deliver equal quantities of fresh food to a
ity market. The possibility of further PU land use, such as afforesta-
ion, was also explored. By incorporating both housing and food
ystem changes, the cross-sectoral approach adopted in the study
as produced a novel and comprehensive assessment of the envi-
onmental consequences of urban expansion displacing PU food
roduction.
.1. Peri-urban landscapes and food provision
PU regions are transitional zones between urban and rural dis-
ricts. Land in PU regions may  be used for a multitude of purposes
 housing, recreation, ecosystem preservation, commercial food
roduction and other primary industries. Spatially, there is no con-
istent worldwide deﬁnition of how far from a metropolitan centre
 PU region might extend. For example, they may  range from tens
o more than a hundred kilometres from a major centre. Popula-
ion densities are deﬁned in some contexts, as in the European
LUREL project (Piorr et al., 2011) but, more typically, densities
emain undeﬁned due to inter-country variation, with the focus
ontinuing to be on the competition for resources in PU regions
FAO, 1999). PU regions are often highly contested. Conﬂict is man-
fested at the level of governance: land-use planning is typically
ased on an urban–rural dichotomy that exhibits poor integration
f the demands of each. This may  extend to the level of residents,
ith newer residents often possessing lifestyles that are opposed
o production values. In Australia, as in other developed nations, PU
gricultural regions have changed rapidly, historically succumbing
o urban development and sprawl (Piorr et al., 2011; Millar and
oots, 2012; Low Choy and Buxton, 2013). It is paradoxical that the
ommercial fresh food production capacity to support an increas-
ng urban population is therefore lost (Martin et al., 2008). In a
eveloped and growing city such as Sydney, for example, expected
opulation trajectories to 2061 will entail providing food for an
dditional 200 persons each day (ABS, 2013)1.
The opportunity to improve environmental outcomes for PU
evelopment by incorporating food provision into planning is often
ot recognised internationally (APA, 2007; Lovell, 2010; Zasada,
011; van der Schans and Wiskerke, 2012; Pires and Burton, 2013;
usso et al., 2014). Conventional commercial PU agriculture is often
issing from discussions about urban agriculture and its place in
rban planning. Metropolitan strategies in Australia, for example,
ave yet to proactively consider the continuing provision of fresh
ood from surrounding agricultural land. This is in contrast to the
rogress evident in cities such as Chicago, London and Vancou-
er (Budge, 2013). Such inattention to commercial PU agriculture
n urban planning is evident despite its signiﬁcant contribution
o local (and regional) markets. For example, in the USA, urban-
nﬂuenced regions have been reported to produce most of the
1 Series B medium growth data for Greater Sydney.licy 48 (2015) 377–388
fruit and vegetables, at 91 and 78 percent respectively (American
Farmland Trust, 2013). In Sydney, PU vegetable production was
recently valued at 27 percent of the value of production for the state
of New South Wales. The contribution of PU agriculture is larger
for speciﬁc crops, such as for lettuce at 53 percent (ABS, 2014)2.
Commercial PU agriculture performs a more vital role than other
forms of urban agriculture (e.g. community gardens and rooftop
gardens) whose output quantity is typically dramatically lower in
developed cities in the USA, for example (Brown, 2002). Direct-to-
consumer urban agriculture in the San Francisco foodshed, such as
community-supported agriculture, has been reported to contribute
only 0.75 percent of overall production value (Thompson et al.,
2008). Similarly, recent ﬁgures indicate that intra-urban vegetable
production in the Sydney metropolitan region contributes only 0.6
percent of the value of PU vegetable production (ABS, 2014).
Planning approaches that consider only the immediate impact
of urban development, yet ignore the displacement of commercial
food producers, remain incomplete and potentially ﬂawed. Com-
prehensive environmental assessment of any decision to urbanise
PU horticultural lands requires that more than the urban system
alone be taken into account. The consequences of such deci-
sions cannot be fully understood unless the system is expanded
to include the impact both of housing and of horticultural sys-
tems. Such an awareness must include consideration of food
production displacement if the necessary food production to sup-
ply local retail markets is to continue. Informed decisions about
long-term, sustainable urban development are possible only if the
decision-makers have access to environmental data to complement
economic and social considerations. (Economic and social factors
are outside the scope of this study.)
1.2. Land-use integration in peri-urban settlements
If the interrelation of urban and agricultural systems is recog-
nised, the opportunity then arises for PU regions to support
environmental impact mitigation by integrating different land
uses. Policy instruments that encourage such strategies have been
recommended for minimising the lock-in risks associated with
urban land use and infrastructure life spans (IPCC, 2014). Since
PU regions are already typiﬁed by a wide range of land uses, it
would appear reasonable to assess their ability to incorporate sev-
eral functions, rather than limit them merely to the single function
of conversion to greenﬁeld housing. Such functions may include
productive, cultural and ecological land use, which form three
dimensions of landscape multifunctionality (Lovell and Taylor,
2013). Multifunctionality in urban landscapes is emerging as a
necessity, since an obvious consequence of urbanisation is loss
of agricultural and natural land. Beneﬁts associated with effective
multifunctional landscape planning include support and regulat-
ing services (e.g. carbon sequestration and afforestation) that ﬂow
on to increased biodiversity and reduced urban heat-island effects;
however, despite the increasing application of the multifunctional
landscape concept to agro-ecosystems, there are few examples in
urban ecosystem planning (Lovell and Taylor, 2013).
Multifunctional combinations of land uses in PU regions will
generate different environmental impacts to monofunctional hous-
ing use. The extent of any difference between such environmental
impacts is not clear. Few studies of the environmental trade-offs
for alternative PU land-use scenarios have been reported, in which
housing, food production and co-beneﬁts such as afforestation may
be integrated. To ﬁll this gap, several of the scenarios compared in
the present study comprise the elements of housing, fresh food
2 Data representative of the Hawkesbury–Nepean region, a PU area of Greater
Sydney.
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nd afforestation. These three PU land uses of housing, fresh food
nd afforestation contain three elements of landscape multifunc-
ionality. Housing provides productive and cultural use, fresh food
rovision is a productive use and afforestation represents an eco-
ogical use. As urbanisation associated with population growth
rives ever-greater land-use change in the PU fringe, it becomes
ncreasingly urgent that we examine how to integrate options that
ill provide fresh food, housing and ecological beneﬁts but with a
ower impact on the environment.
.3. Integrating environmental assessment
The lack of integrative planning for contested PU landscapes
ustiﬁes moves to generate knowledge about alternative ways of
ncorporating food production into urban regions (Lovell, 2010;
cDonald, 2014; Nilsson et al., 2014). It has been noted elsewhere
hat there is a trend toward cross-sectoral, scenario- and systems-
ased approaches to sustainable land management and adaptive
lanning (Thabrew et al., 2009; O’Farrell and Anderson, 2010;
cholz et al., 2012; Hussey et al., 2013). Huang et al. (2010) has
uggested that, together with a cross-sectoral approach, bottom-
p perspectives are important in urban planning for sustainability.
CA has been put forward as a systems-based, bottom-up decision
upport tool for assessing the environmental impacts of planned
ultifunctional urban landscapes (Lovell and Taylor, 2013). In sus-
ainability science, Sala et al. (2013) emphasised the importance of
ife-cycle thinking when attempting to integrate transdisciplinary
nowledge. LCA supports the environmental aspect of sustaina-
ility, since it provides evidence-based comparisons between the
nvironmental impacts of particular systems.
LCA is a globally recognised methodology (ISO, 2006a,b) that is
requently used in both the building and food sectors. Approaches
o environmental impact assessments in housing have traditionally
een conﬁned to studies of building materials or building life cycles
material production, construction, operation, maintenance, demo-
ition and disposal) (Haapio and Viitaniemi, 2008). Horticultural
nd food environmental impact assessments also use LCA, where
n this case the assessment may  be restricted to cradle-to-farm-
ate, or may  include life-cycle impacts for the system post-farm
e.g. packaging, transport or consumer use and waste, depending
n the study purpose). However, the environmental assessment
f buildings is usually carried out in isolation, without consider-
tion of land-use changes or other consequences of urbanisation.
imilarly, horticultural environmental impact studies are typically
onducted independent of alternative land-use considerations.
In the present study, LCA was used in hypothetical scenarios to
ntegrate data from these traditionally disparate ﬁelds of housing
nd horticulture. Scenario development has been proposed as a way
f informing future urban growth patterns with sustainable multi-
unctional landscapes and transitions (Wiek et al., 2006; Beardsley
t al., 2009; O’Farrell and Anderson, 2010). The inclusion both of
ousing changes and the consequent food production changes is a
ovel application of LCA, whose capacity to examine environmen-
al impacts other than emissions was exploited. It was appreciated
hat studies that compare alternative land-use should also consider
otential environmental trade-offs.
In summary, in this paper a method of assessing the envi-
onmental impacts associated with the decision to urbanise
orticultural land was presented. Scenarios combining two kinds of
ettuce production and two types of housing were compared for one
ectare (1 ha) of PU land in a developed and expanding city. All sce-
arios speciﬁed that equal quantities of fresh food and the housing
f equal residential populations were to be provided. Multifunc-
ional land-use options explored within several scenarios included
hose providing co-beneﬁts such as urban afforestation. LCA waslicy 48 (2015) 377–388 379
used to generate a detailed inventory for each scenario as data for
quantitative environmental impact analysis, which considered:
• The housing system, including construction, operation and trans-
port.
• The food system and the associated change in the environmental
impact as a result of displacement of PU food production.
• Alternative food production technologies that spare PU land by
using high-productivity methods, enabling co-beneﬁts such as
afforestation.
• The environmental impact trade-offs, by investigating a range of
impact indicators important to both PU and urban systems.
2. Methods
In all scenarios, 1 ha of PU land was required to house equal
populations and produce the same quantity of fresh food. The food
was required to be delivered to the city’s central fruit and vegetable
market (Sydney Markets®, Homebush, NSW). (The subsequent food
supply chain, including consumption, was  outside the scope of this
study.)
A housing system and a food production system were assessed
in each scenario. The housing system was represented by the two
contrasting housing types of greenﬁeld and inﬁll. Greenﬁeld hous-
ing development is a known cause of PU land-use change, due to
its taking possession of agricultural land in expanding cities. Such
developments are often termed greenﬁeld sprawl’. Conversely, in
urban planning the compact city is the generally accepted model
for environmental sustainability (Neuman, 2005; Gleeson, 2012;
Westerink et al., 2012). From an environmental impact perspective,
compact growth usually produces better environmental outcomes
(Beardsley et al., 2009; Shearer et al., 2009; Bierwagen et al., 2010;
Schetke et al., 2012; Thorne et al., 2013). Compact city strate-
gies promote urban consolidation, such as the development of
apartments in existing urban centres (Randolph and Tice, 2013).
Consequently, the two  disparate housing types were compared:
new greenﬁeld houses in PU regions, and medium-density inﬁll
apartments in existing suburban centres. Inﬁll apartments were
required to house the same residential population as a greenﬁeld
development on 1 ha of PU land.
Within the food production system, ﬁeld production and a high-
technology greenhouse (HTG) were modelled for lettuce. Lettuce
was selected as the crop because of the quantity produced and
its year-round production in the PU region, its perishability and
because it is a food staple (Hall et al., 2014). The two growing tech-
nologies yield very different quantities per unit area of land. The
higher yield of modern lettuce production technologies, including a
HTG, spares land from cultivation for other purposes. Afforestation
was the chosen alternative PU land-use option in the study.
Existing PU land was  considered to be horticultural. The geo-
graphical scope was  represented by Sydney, Australia, where
outer urban greenﬁeld housing is characterised by urban sprawl,
although a trend toward increased inﬁll housing development has
been reported (Rowley and Phibbs, 2012). Similar urban sprawl
occurs in many developed and developing nations (Richardson and
Bae, 2004; Siedentop and Fina, 2012), accompanied by the absorp-
tion of PU farmland (Boume et al., 2003; Imhoff et al., 2004; Simon,
2008).Scenario narratives are described in Section 2.1. Following sce-
nario development, LCA was  used to generate detailed inventory
and parameters in support of the narratives, in order for quantita-
tive environmental impact analysis to occur (Section 2.2).
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Table 1
Peri-urban (PU) land-use scenario narratives.
Scenario Narrative
G F
Housing system 1 ha of PU horticultural land is transformed to greenﬁeld housing (detached single dwellings)
Horticultural system 1 ha of PU ﬁeld lettuce production is displaced by greenﬁeld housing to a more remote ﬁeld production location. The remote ﬁeld farm is
required to produce and transport the same quantity of produce to the city’s central fruit and vegetable market as the displaced PU farms
Afforestation Nil
I  F
Housing system The same population as that housed in scenario G F is housed in inﬁll, inner suburban apartment-type housing. There is no change to the
1  ha of PU horticultural land as a result of housing
Horticultural system PU ﬁeld lettuce production is maintained on 1 ha of existing PU horticultural land
Afforestation Nil
I  HTG A
Housing system The same population as that housed in scenario G F is housed in inﬁll, inner suburban apartment-type housing. There is no change to the
1  ha of PU horticultural land as a result of housing
Horticultural system PU ﬁeld lettuce production has been replaced by a HTG
Afforestation The reduced land area requirements of a higher-output HTG spares PU land for afforestation
70I:30G F
Housing system An area ratio of 70% inﬁll, inner suburban apartment-type housing to 30% detached greenﬁeld single dwellings. Thus, 1 ha of existing PU
horticultural land is converted to 0.3 ha of greenﬁeld housing. There is no other change to the 1 ha of PU horticultural land. The balance of
housing is inﬁll in inner suburban regions
Horticultural system Field lettuce production is retained on the remaining 0.7 ha of existing PU horticultural land. The balance of lettuce production is
delivered to the city’s central fruit and vegetable market from a more remote ﬁeld production location
Afforestation Nil
70I:30G HTG A
Housing system An area ratio of 70% inﬁll, inner suburban apartment-type housing to 30% detached greenﬁeld single dwellings. Thus, 1 ha of existing PU
horticultural land is converted to 0.3 ha of greenﬁeld housing. There is no other change to the 1 ha of PU horticultural land. The balance of
housing is inﬁll in inner suburban regions
Horticultural system PU ﬁeld lettuce production has been replaced by a HTG
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.1. Land-use scenarios
Each of the ﬁve land-use scenarios for 1 ha of PU land incor-
orates a housing system and a horticultural system; several
lso include afforestation. The requirement to ensure that equal
esidential populations were housed and equal food quantities pro-
uced was central to the scenario narratives described in Table 1.
he corresponding breakdown of the area of PU land required for
ousing, food production and afforestation in each scenario is given
n Table 2. The different compositions of the land area was  funda-
ental to the purpose of the study. One hectare of PU land (the
unctional unit of the study) was the benchmark for the life-cycle
nventory (LCI) within the LCA.
Scenarios combining greenﬁeld housing with ﬁeld lettuce pro-
uction involve either a complete (G F) or partial (70I:30G F)
isplacement of existing PU ﬁeld lettuce production. Average
nnual yields for 1 ha of PU ﬁeld lettuce production averaged 61
onnes (the data for ﬁeld lettuce production, both PU and remote,
s derived empirically in Section 2.2.2). Whether complete or par-
ial replacement of this quantity was needed, depended upon how
uch of the PU land was claimed for housing. Whereas the sce-
arios involving greenﬁeld housing caused a displacement of PU
ood production, scenarios with inﬁll housing for an equal pop-
lation (I F, I HTG A, 70I:30G HTG A or 70I:30G F) enabled some
roportion of PU lettuce production to be retained.
Scenarios that included a PU HTG lettuce production technol-
gy needed a smaller land area to produce the same quantity of
ettuce, enabling some proportion of the same area of PU land to
e used for other purposes — afforestation, in these cases. The area
f land made available for afforestation in this way depended upon
he ratio of inﬁll to greenﬁeld housing and the HTG lettuce yield,
he yield in this instance being 266 t per ha per year (I HTG A and
0I:30G HTG A).All developed cities are marked by a combination of housing
tyles. In scenarios 70I:30G HTG A and 70I:30G F, a ratio of 70 per-
ent inﬁll to 30 percent greenﬁeld housing was adopted, based ontarget ratios for new dwellings within the Metropolitan Plan for
Sydney 2036 (NSW DOP, 2010). Although area is not a perfect proxy
for a target by dwelling type, the aim was  to show the comparison
between areas of mixed housing types and areas of all greenﬁeld
and all inﬁll types; the approach was  therefore suitable for the
purposes of illustration.
2.2. Life cycle assessment modelling of scenarios
Process-based LCA using SimaPro 8.0.4 software (PRé
Consultants, 2014) was  used to model the different scenarios
on 1 ha of PU land. System boundaries and LCI for both the housing
and horticultural systems are shown in Fig. 1. Within SimaPro,
LCI were selected from either the Australasian database (Life
Cycle Strategies, 2014) or EcoInvent database (Weidema et al.,
2013). Sections 2.2.1 and 2.2.2 describe the detailed housing and
horticultural system data used in the LCA. The environmental
impacts characterised are deﬁned in Section 2.2.3. The parameters
representing greenﬁeld housing (i.e., sizes of land parcel and
house) are speciﬁc to Sydney, Australia; different values may be
appropriate for other cities, but the analytical framework should
be transferable.
2.2.1. Housing system
For greenﬁeld housing development, the house modelled was
a fully detached 300 m2 single storey brick veneer structure on a
concrete slab foundation (Crawford, 2011) situated on a 500 m2
parcel of land. Fourteen such houses can be accommodated on
1 ha of land, after allowing for road area. Road area was provided
by a land developer for a new greenﬁeld housing precinct (Land-
com, personal correspondence, 4 July 2012) and adjusted for 1 ha
in proportion to the total developed area. The number of persons
per hectare in a greenﬁeld housing development was calculated
by multiplying the number of houses per hectare by the aver-
age household of three persons, giving 42 persons per hectare.
Household size was  determined from spatially representative data
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Table  2
Description of PU land-use demand for 1 hectare of PU land.
Scenario Functional unit: 1 ha PU land Balance of food production
Housing system
(per ha PU land)
Horticultural system
(per ha PU land)
Other
(per ha PU land)
G F Greenﬁeld Field Field production, 61 t lettuce,
remote location
1  0 0
I  F Inﬁll Field Field production, 61 t lettuce, PU
location
0  1 0
I  HTG A Inﬁll HTG Afforestation HTG production (higher
productivity than ﬁeld, requires
less land), 61 t lettuce, PU location
0  0.23 0.77
70I:30G F 30% Greenﬁeld Field Field production, 61 t lettuce, both
PU and remote location to produce
balance
0.3  0.7 0
Inﬁll (balance)
0
70I:30G HTG A 30% Greenﬁeld HTG Afforestation HTG production (higher
productivity than ﬁeld, requires
less land), 61 t lettuce, PU location
0.3  0.23 0.47
Inﬁll (balance)
0
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aFig. 1. Life cycle inventory captured within the system b
peciﬁc to locations where greenﬁeld development has been occur-
ing in north-western and south-western Sydney (ABS, 2011)3.
Using the ﬁgure of 42 persons per hectare, the corresponding
umber of medium-density mid-rise (four- to six-storey) inﬁll-
tyle apartments (OECD, 1999) was calculated. Housing statistics
or the inner west of Sydney indicate two persons per household
or apartments four storeys and higher (ABS, 2011)4. Thus a total
f 21 inﬁll apartments are required to house the same population
s 1 ha of PU greenﬁeld housing. Inﬁll housing was  assumed to be
uilt on existing vacant urban land with no further implications for
U land use.In addition to the inventory of construction materials, inven-
ories for home operation and occupant transport were also
ssembled for each housing type. Household transport (household
3 Data aggregated at ABS statistical level 4.
4 Data aggregated at ABS statistical level 4.ry for: (a) the food system; and (b) the housing system.
travel kilometres) for the two  housing types was determined from
the Household Travel Survey (NSW Bureau of Transport Statistics,
2014). Household travel kilometres (for the same representative
subregions as for household size) were extracted from household
travel distance per average weekday and by mode (vehicle driver,
train, bus). Annual travel kilometres by mode was calculated on
the assumption of a ﬁve-day working week for 48 weeks of the
year. LCI in SimaPro representing kilometres travelled by car, bus
and train includes production and maintenance components. Hous-
ing operational energy was  determined for greenﬁeld and inﬁll
housing based on the same regions as above, using data from the
Australian Energy Regulator (AER, undated). Operational energy
includes heating and cooling, but does not include areas of com-
munity title (in the case of inﬁll housing). Housing operational
energy reﬂects the grid electricity mix  for NSW  (coal, oil, gas, hydro,
wind), including transmission losses. Household water use was
based on ﬁgures for average household consumption per housing
type (IPART, 2004).
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tig. 2. Environmental impact per ha of PU land per year for the ﬁve housing and fo
-eq);  (c) photochemical oxidant formation (kg NMVOC); (d) particulate matter (kg
Sensitivity to using twenty percent renewable energy split
0:50 between solar photovoltaic (PV) and wind for operational
nergy within the housing system was conducted. Twenty per-
ent renewable energy approximates targets established for overall
nergy mix  within the Renewable Energy Directive for the year
020 (EC, 2009)..2.2. Horticultural system
Each scenario was required to produce the same quantity of let-
uce for delivery to the city’s central fruit and vegetable market.d-use scenarios: (a) climate change (kg CO2-eq); (b) freshwater eutrophication (kg
-eq); (e) human toxicity (kg 1,4-DB-eq); (f) water scarcity (m3).
Data from two  PU ﬁeld lettuce farms and one remote ﬁeld farm in
the state of Victoria, Australia, were obtained using a pre-structured
questionnaire during interviews with farmers. An average yield of
61 tonnes per hectare per year of ﬁeld-produced lettuce in the
PU area was determined from the PU lettuce growers. Where ﬁeld
lettuce production was displaced by greenﬁeld housing, displaced
producers were assumed to move to a more remote location with
the capacity to expand production. For this study, this location was
interstate, approximately 900 km distant (in Victoria). Farms from
this location already supply the local city market in competition
Use Policy 48 (2015) 377–388 383
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ith PU farms. Similar large transport distances are found in other
arts of the world where commercial produce is imported from
ore distant regions, such as Italian or Spanish fruit and vegetables
xported to other parts of Europe. All scenarios, including displaced
orticultural production, were required to supply 61 tonnes of let-
uce to the city’s central market, as currently supplied by PU ﬁeld
arms.
In addition to ﬁeld lettuce, a lettuce production system using a
TG was included in scenarios developed for the PU area. Data was
btained using a pre-structured questionnaire from a grower in The
etherlands, since no similar production exists in NSW. Corrections
o energy consumption were made for the Sydney climate. The HTG
as assumed to use solar PV energy for cooling and baseload energy
equirements.
.2.3. Environmental impacts characterised
Five environmental impact categories relevant to urban areas
ere analysed using the ReCiPe midpoint (hierarchical) method
Goedkoop et al., 2009) in SimaPro: climate change (kg CO2-eq to
ir)5; freshwater eutrophication (kg P-eq to freshwater)6; photo-
hemical oxidant formation (kg NMVOC to air)7; particulate matter
kg PM10-eq to air); and human toxicity (kg 1,4-DB-eq to urban
ir)8. A 100-year timeframe for climate impact was  adopted. Water
carcity (m3) was determined using the method in SimaPro of
ﬁster et al. (2009).
.3. Key assumptions
Fifty-year lifespans were assumed for housing capital infrastruc-
ure. Assumptions of farm capital infrastructure lifetimes have been
etailed in Rothwell et al. (2015b). The use of data aggregated
y geographical region for household operational energy, trans-
ort and size may  cause some under- or overestimation, since
ome degree of combination of housing types co-exists in each
egion; however, it ensures that spatial relevance is maintained
hen sourcing data from different datasets, such as the travel sur-
ey (NSW Bureau of Transport Statistics, 2014), ABS statistics (ABS,
011) and Energy Regulator (AER, 2015 undated). In scenarios that
nclude afforestation, a biomass carbon sequestration rate of 3 t
/ha/yr was used, this value being in the vicinity of data reported
or various Australian conditions (Hobbs et al., 2013; Paul et al.,
008). Soil carbon sequestration rates in eucalypt forest are report-
dly relatively low; a value of 0.1 t C/ha/yr has been suggested (Paul
t al. in Czimczik et al., 2005).
Data for farms and greenﬁeld housing was collected for larger
and areas, but reduced for reporting to 1 ha land parcels to ensure
 common functional unit in the LCA. The extent of the emphasis
n different housing styles or on different agricultural systems may
odify the results. An exhaustive analysis of PU housing develop-
ent and agricultural food displacement would be a considerable
enture, and requires further research.
. Results
The environmental impacts of climate change, freshwater eutro-
hication, photochemical oxidant formation, particulate matter,
uman toxicity and water scarcity were analysed for the ﬁve land-
se scenarios (Fig. 2). The housing system was found to be dominant
n each environmental impact category; a clear trend was  the better
nvironmental performance of the inﬁll housing and food scenarios
5 CO2: Carbon dioxide.
6 P: Phosphorus.
7 NMVOC: Non-methane volatile organic carbon compound.
8 1,4-DB: 1,4-dichlorobenzene.and inﬁll (I F) housing and food scenarios for present-day electricity mix vs. 20
percent renewable energy mix split 50:50 between solar PV and wind for housing
operational energy.
(I F and I HTG A) compared to greenﬁeld (G F) across the indica-
tors selected, with the blended 70I:30G scenarios falling between
them. Afforestation mitigated the climate change impact of the
inﬁll scenarios by up to 5 percent per hectare per year (I HTG A
and 70I:30G HTG A). A more detailed analysis of the drivers within
each impact category is given in the following sections.
3.1. Climate change
The poorer environmental performance of the greenﬁeld hous-
ing and food scenario was highlighted, with a 25 percent increase
in climate change impact compared to inﬁll housing (Fig. 2(a)).
Scenarios using a HTG with afforestation to replace ﬁeld lettuce
production, such as I HTG A and 70I:30G HTG A, demonstrated
small but measurable gains in emissions reduction compared to
their ﬁeld production counterparts, I F and 70I:30G F. Hotspots sig-
niﬁcant for climate change were coal-based generated electricity
for operational energy in the housing system (45–62 percent of
total), motor vehicle transport (21–35 percent), housing construc-
tion (7–8 percent) and lettuce production and delivery to the city
market (8–9 percent). The dominant inﬂuences on motor vehicle
transport included petrol during use and steel during manufacture.
Transport by bus and train produced only minor contributions, at
approximately 1 percent. Afforestation mitigated climate change
impacts for I HTG A and 70I:30G HTG A by 5 and 3 percent, respec-
tively.
3.1.1. Sensitivity to renewable energy
Sensitivity to a 20 percent renewable energy target for hous-
ing system operational energy was  determined; the results are
presented for climate change only (Fig. 3). Using a 20 percent
renewable energy target split equally between wind and solar PV,
reductions in climate change impact of approximately 9 percent for
both the greenﬁeld (G F) and inﬁll (I F) housing and food scenar-
ios occurred. Reductions were observed in other impact indicators,
with the exception of slight increases in freshwater eutrophication
(2–5 percent) and water scarcity (no apparent change). Increased
freshwater eutrophication results from the use of copper in solar
PV cell manufacture.
3.2. Freshwater eutrophication
Reductions in freshwater eutrophication of approximately
35–43 percent occurred in the inﬁll scenarios I HTG A and I F,
respectively, compared to the greenﬁeld scenario G F (Fig. 2(b)).
Motor vehicle transport (64–81 percent of total eutrophication
impact) and lettuce production (2–31 percent) produced the bulk of
3 Use Po
f
d
m
s
t
c
(
t
l
3
c
s
a
v
d
d
i
c
v
p
e
3
i
ﬁ
o
w
p
t
t
u
3
t
o
a
m
i
3
s
P
c
v
e
m
r
c
d
i
w
r
f
w
s
s84 A. Rothwell et al. / Land 
reshwater eutrophication. Petrol, steel, copper and wiring boards
ominated eutrophication effects from motor vehicle use and
anufacture. Phosphate fertilisers and copper-based fungicides
trongly inﬂuenced ﬁeld lettuce production. For housing construc-
ion (5–9 percent), concrete products, glass wool insulation and
opper were the greatest contributors to eutrophication. The HTG
I HTG A) produced more freshwater eutrophication than ﬁeld let-
uce (I F) due to its greater electricity-related component, despite
ower eutrophication impacts from fertilisers used therein.
.3. Photochemical oxidant formation
Inﬁll scenarios I F and I HTG A showed approximately 25 per-
ent less photochemical oxidant formation than the greenﬁeld
cenario G F (Fig. 2(c)). Coal-generated electricity for house oper-
tion (40–55 percent of photochemical oxidant formation), motor
ehicles (18–30 percent) and housing construction (9–11 percent)
ominated the housing system. Transport of lettuce to market pro-
uced a 9–14 percent impact. Less on-farm diesel fuel was  used
n HTG lettuce production, giving a lower photochemical oxidant
ount than ﬁeld farming. Reusable polypropylene crates for har-
ested lettuce in HTG production resulted in a better environmental
erformance than the single-use cardboard carton method of sev-
ral ﬁeld farmers.
.4. Particulate matter
The impact of particulate matter was 25 percent lower in the
nﬁll housing and food scenarios I F and I HTG A than in green-
eld G F (Fig. 2(d)). Coal-based electricity generation for house
peration again created the predominant impact (44–60 percent),
ith motor vehicles (18–31 percent), housing construction (8–11
ercent) and lettuce at market (8–9 percent) also being major con-
ributors. Similarly to photochemical oxidant formation, packaging
ype and on-farm diesel use were the main contributors of partic-
late matter in the lettuce-growing system.
.5. Human toxicity
The inﬁll scenarios led to around 28 percent less human toxicity
han greenﬁeld, as illustrated in Fig. 2(e). The predominant impact
n the system was caused by coal-based electricity for house oper-
tion (38–57 percent of total). Other signiﬁcant inﬂuences included
otor vehicles (26–42 percent), lettuce at market (9–10) and hous-
ng construction (5–7 percent).
.6. Water scarcity
The inﬁll scenario I HTG A exhibited 26 percent lower water
carcity than G F, whereas scenario I F increased it by 9 percent.
otable drinking water used by household residents produced high
ontributions in all scenarios, at 56–84 percent of impact. Motor
ehicles (3–7 percent), housing construction (4–5 percent) and
lectricity for house operation (less than 5 percent) were relatively
inor contributors.
Contributions of the horticultural system to water scarcity
anged from 2 percent in scenario G F and I HTG A to 34 per-
ent in I F. The extent of water scarcity in ﬁeld lettuce production
epended on both the water source and the water stress index for
rrigation water used on the farm. Regarding water source, greater
ater scarcity impacts resulted if river water was used in the LCI to
epresent farm irrigation, as was the case in one of the two PU ﬁeld
arms examined in scenarios I F and 70I:30G F. When surface water
as used from dams on the farm, as was done at the remote farm in
cenario G F, lower scarcity impacts resulted. Changing the water
ource from river’ to surface’ water for the given PU farm resultedlicy 48 (2015) 377–388
in signiﬁcantly lower water scarcity results, as in scenarios I HTG A
and 70I:30G:HTG A. For example, the contribution to total impact
from the lettuce farms in scenario I F dropped from 34 percent to
2 percent when surface water rather than river water was selected
in the LCI.
4. Discussion
PU land use conﬂict is a problem deﬁned differently by stake-
holders in an often contradictory public space. Conﬂicting goals
are evident, such as housing an increasing population as opposed
to using the land in a productive or ecosystem-regulating capac-
ity. This study proposed a method of integrating opposing goals
within a framework of environmental outcomes. Acknowledging
that there is no right’ solution to PU land management, careful
consideration of the environmental impacts of feeding and hous-
ing a projected population in a comprehensive life-cycle approach
provides an evidence base for addressing competing claims.
Differently from previous studies was the novel use of a cross-
sectoral systems-based approach to analyse the environmental
consequences of decisions to urbanise PU horticultural land and
thereby displace PU food production. The impacts of both aspects
were evaluated using this comprehensive approach rather than
within isolated sectors, or not at all. LCA has provided an innovative
systems-based solution for informing complex decision-making by
providing environmental data that may  balance social and eco-
nomic factors as a sustainable policy objective. Results show that
when both housing and food displacement are considered, the
housing system still dominates environmental impacts.
4.1. Overall environmental impacts
Results for the environmental impact categories of climate
change, freshwater eutrophication, photochemical oxidant forma-
tion, particulate matter and human toxicity showed that the inﬁll
scenarios I F and I HTG A are able to provide the same hous-
ing and food production as the greenﬁeld scenario G F, while
simultaneously providing improved environmental performance.
Depending upon the category analysed, the environmental impact
was reduced by 25 to 43 percent. The blended 70I:30G scenarios
either permitted retention of some ﬁeld production (70I:30G F) or
allowed for HTG production to be introduced together with a level
of afforestation (70I:30G HTG A). Both of the blended scenarios
performed markedly better than the greenﬁeld scenario G F.
4.1.1. Housing system
The trend of poorer environmental performance of outer subur-
ban greenﬁeld housing compared to medium-density inﬁll housing,
as occurred within this study, has also been noted elsewhere
(Camagni et al., 2002; Duffy, 2009). The better environmental per-
formance of the inﬁll housing scenarios was  primarily due to the
higher operational energy and transport requirements of the green-
ﬁeld housing type. Car travel and coal-generated electricity for
household operation were found to be the dominant drivers of the
large impacts of both housing types; bus and train travel typically
accounted for less than 2 percent of all the environmental indicators
for both systems.
Due to the fossil intensive nature of these drivers, signiﬁ-
cant opportunity to reduce environmental impact is associated
with strategies that either reduce ﬁnal energy consumption or
reduce impacts from primary energy generation. Reducing ﬁnal
energy consumption would require major urban infrastructure
changes, such as energy-efﬁcient housing and better public trans-
port networks to service both inner and (especially) outer urban
greenﬁeld areas. The high cost of such infrastructure modiﬁca-
tions dictates that these are longer-term strategies. Transforming
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he generation of primary energy from fossil fuels to renewable
nergy sources would represent a technology leap with the capac-
ty for more rapid, accessible and sweeping changes in developed
rban centres. Existing electricity transmission infrastructure may
e utilised. The use of renewable primary energy sources is rec-
mmended as a strategy for reducing environmental impacts in PU
reas where housing infrastructure is already established, as well
s in new greenﬁeld developments.
Continuing to pursue greenﬁeld development rather than inﬁll
evelopment in the current resource-intensive culture may  have
he effect of locking society into emissions-intensive pathways. The
ensitivity analysis illustrated in Fig. 3 highlights the fact that even
 renewables target of 20 percent applied to housing operational
nergy in the greenﬁeld scenario G F cannot deliver the environ-
ental performance of the inﬁll scenarios I F and I HTG A before
he renewable energy target was applied. This reveals a need to
nvestigate alternatives to greenﬁeld housing that displaces fresh
ood production, in order to avoid the risk of infrastructure lock-in.
Although this study was limited to environmental performance,
vidence in favour of developing more compact cities has also been
ouched in economic terms: after infrastructure costs, social ser-
ices and externalities, inﬁll housing costs have been calculated
o be less than those for greenﬁeld housing (Biddle et al., 2006;
IE, 2010). The present study, which has taken a unique, new per-
pective on PU environmental impacts, supports a compact city
pproach, complementing the ﬁndings of others.
Evidence suggests that compact city forms with preserved green
pace is a more sustainable planning option, yet urban expansion
ften continues to be the norm, with PU land simplistically seen
s land-in-waiting for urban expansion. Housing dominated all the
nvironmental impacts that were analysed. Policies for improving
rban environmental sustainability need to focus on structuring
ities with appropriate low-impact housing.
.1.2. Horticultural system
As electricity and fuels shift to renewable sources over time, the
ominance of housing operational energy and private car trans-
ort may  decline and the horticultural system may  gain in relative
nvironmental importance; hence the food system should not be
verlooked. The need to feed a growing population, together with
he potential impacts of rising temperatures and changed water
vailability in a business-as-usual climate-change scenario will
equire a diversity of adaptations. Diversity within the supply chain
mproves resilience to weather extremes. Solutions include inte-
rated local and regional supply networks sourced from both ﬁeld
roduction and high-technology protected cropping.
Horticultural LCA studies in northern Europe comparing ﬁeld
roduction to greenhouse technologies have found that when
o-generation or waste heat energy sources were used as the
reenhouse energy source, environmental results were better
han for ﬁeld-grown food imported from more remote locations
Nordenström et al., 2010). Using solar PV technology for cool-
ng and baseload energy in the present study produced similar
esults for several environmental indicators. Apart from the impact
ategory of freshwater eutrophication, using a modern fresh food
roduction technology of a PU HTG in combination with medium-
ensity inﬁll apartments provided optimal environmental impacts
cross the range of indicators analysed. However, this optimal
ypology of housing and food production technology is currently
typical for a Western developed city such as Sydney, where sprawl
nd low rates of HTG adoption are characteristic.
Surprisingly, freshwater eutrophication in the HTG exhibited
 higher impact than ﬁeld lettuce farms due to manufacture of
olar PV cells. The contribution of fertilisers in HTG production
o eutrophication was lower per kilogram than for produce from
eld farms; however, countering this and increasing the eutrophi-licy 48 (2015) 377–388 385
cation impact was  the greater electricity usage. Copper used in solar
PV cell production and disposal of associated sulﬁdic tailings were
dominant inﬂuences on HTG photovoltaic electricity generation. A
second inﬂuence was  the use of lignite (brown coal) to generate
the electricity required in the manufacture of PV cells, as well as
for the disposal of associated copper mine spoil. These eutrophica-
tion effects are likely to impact in the country of manufacture (e.g.
China). Obviously, depending on the manufacturing location for the
solar cells, lignite may  be used in different proportions or not at all,
thereby changing the eutrophication impact.
Water scarcity exhibited similarly unexpected results. Water
scarcity is a measure of the extent to which water withdrawals
by consumers deprive other users of fresh water in a given geo-
graphical region (Pﬁster et al., 2009). In the present study, different
results were obtained depending on the source of irrigation water
in the horticultural system that was selected in the modelling soft-
ware. Of the two  PU ﬁeld farms in the study, one used water from
dams on the farm (surface water’) for irrigation; the second farm
used river water. The water-scarcity impact per hectare of produce
was several orders of magnitude lower when surface water was
selected, as opposed to river water, in the LCI, despite river water
being a form of surface water. For the PU HTG, no change was  seen
in the water scarcity result regardless of water source, whether
drinking water, surface water or process water. The differences in
the impact of river- and surface water were seen despite the water
supply for both farms being in the same hydrological catchment,
where water scarcity would be expected to be independent of sur-
face water type. This apparent anomaly suggests that the method
of modelling water ﬂow within a given inventory in SimaPro may
require further analysis.
The sensitivity to different water source types within the bounds
of a single hydrological catchment may  have ramiﬁcations for
decision-making. It may  be necessary to modify water scarcity
methods for water sources speciﬁc to either urban or PU regions, if
its representation in urban regions is to be improved. As it stands, all
water within a single hydrological catchment should be handled in
the same way  by the present water scarcity method. However, the
river water used in ﬁeld farming may  potentially be less in demand
for urban consumers than potable water, but an HTG may  compete
with residential or industrial potable and/or recycled water users
unless self-contained. In urban environments, water taken from
different water sources may  deprive other users in the same catch-
ment, thereby raising local water-scarcity issues. Different urban
water sources may  require assessment at the sub-catchment level.
4.1.3. A wider range of environmental impacts
Overall, the examination of a broad range of environmental
impacts as set out in this study enables decision-makers to evaluate
potential trade-offs with respect to the use of different food pro-
duction technologies and housing types in a region. Findings from
this study did not detect substantial trade-offs between scenarios;
rather, the environmental impacts showed a relatively consistent
trend. Despite the unexpected water scarcity results discussed
above, the inﬁll scenarios consistently showed better environmen-
tal performance across a wide range of impact categories relevant
to PU areas in a dominant trend.
4.2. Land use integration in peri-urban settlements
Sparing PU land by developing inﬁll housing and, at the same
time, using HTG methods to increase food output as in scenar-
ios I HTG A or 70I:30G HTG A released some PU land for other
purposes — afforestation, in the present case. In those scenarios,
multiple functions (food production, housing and afforestation)
were co-located in the urban landscape and simultaneously pro-
duced lower environmental impacts than monofunctional land use
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uch as greenﬁeld housing. Together with co-location, multifunc-
ional land use typically requires interaction between the functions
Selman, 2009). Beneﬁcial interactivity is evidenced by the grow-
ng of fresh food for the urban population, combined with business
nd employment opportunities afforded through implementation
f competitive advanced food production technologies. At the eco-
ogical level, advanced high-output food production methods spare
and for afforestation, whose synergistic effects include the sup-
ort and regulation of eco-services, and better human health and
esthetics.
With regard to climate change, gains due to afforestation are
ikely to occur over a long period, possibly as long as 100 to 150
ears as forests re-establish and reach equilibrium. Carbon seques-
ration is one of the many beneﬁts brought by afforestation. No
omplete environmental measure of the co-beneﬁts of establish-
ng parkland by afforestation has been included within this study.
iodiversity and carbon sequestration beneﬁts from afforestation
ay  be accompanied by less tangible beneﬁts such as microclimate
ontrol, improved air and water quality, and recreation and visual
menity. Given the historical human interference in native biomes
nd the resources required to re-establish a pre-anthropogenic
tate, afforestation within PU landscapes would be more likely to
ntroduce novel ecosystems with characteristics such as changed
ombinations and relative abundances of species (Hobbs et al.,
006). Novel ecosystems represent an opportunity to improve the
unctioning of urban systems, to support sustainability, conser-
ation and biodiversity (Francis and Chadwick, 2013) along with
ther socially desirable amenity values. PU areas are of particular
mportance to biodiversity: for example, 50 percent of Australia’s
hreatened species reside in PU habitat (Yencken and Wilkinson,
000).
The present study has demonstrated that multifunctional PU
and use is feasible, in which the often conﬂicting needs of housing,
ood production and ecosystem services can be met  at the same
ime as delivering improved environmental performance. Fur-
her research involving key stakeholders is needed to strengthen
elevant scenarios and explore these interactions for environmen-
al outcomes. Such community based scenario development and
xploration would provide a new and valuable input into the cur-
ent debate over competing claims for PU land.
.3. Future research directions
Since housing systems, and not food production systems, have
een found to dominate environmental impacts in PU regions, sug-
estions for future research include the establishing of a set of
ousing and food typologies in which a wider diversity of housing
ypes, transport modes and food production scenarios are mod-
lled. Such housing and food typologies may  assist modelling of
enewable energy sources and climate mitigation targets.
In this paper, three typologies only were identiﬁed: green-
eld housing with displaced ﬁeld production; inﬁll housing with
etained ﬁeld production; and inﬁll housing with an advanced food
roduction technology (HTG) combined with afforestation. Sug-
estions for other typologies may  include housing variants such
s greenﬁeld or apartment-style housing with off-grid domes-
ic solar photovoltaic electricity supply, electricity supply from
ther renewable grid sources, and high-density apartments or
ther housing system variants unique to particular geographi-
al PU areas. Horticultural variants may  include high-technology
reenhousing using no external water sources, other food pro-
uction technologies (vertical gardens, aquaponics) or intra-urban,
ommunity-supported agriculture. A comprehensive engagement
ith stakeholders is necessary to develop and agree on scenarios
or future modelling within the LCA framework.licy 48 (2015) 377–388
Typologies aimed at modelling renewable energy targets may be
used to improve our understanding of how environmental impacts
will be manifested across a range of different housing systems or
how the environmental performance gap between greenﬁeld and
inﬁll systems, highlighted here, may  be narrowed. Scenarios that
incorporate such typologies are important for developing effective
urban and PU emissions mitigation strategies that aim to minimise
the lock-in risks associated with urban land use and infrastruc-
ture life spans. If there are known target levels for environmental
impacts such as climate change, related targets for renewable
energy or other mitigation strategies can be approximated by sensi-
tivity analyses using LCA; for example, if the political environment
were to support a halving of climate impacts caused by urban-
isation and housing systems, suitable renewable energy targets
could be modelled that reﬂect required results. An investigation
of typologies may serve to support the current consensus that
inﬁll development delivers better environmental outcomes. On the
other hand, such an investigation may  identify alternative housing
and food systems with enhanced environmental performance.
Beyond the scope of this paper but necessary for a more com-
plete analysis of decisions to urbanise PU horticultural land, is the
contribution of direct (earthworks, soil carbon changes and shared
services infrastructure) and indirect land-use change to environ-
mental impact. PU horticultural-to-housing land-use change may
incur additional environmental debt, particularly for the greenﬁeld
scenario. However, the environmental impact contribution of such
land-use change is not usually assessed. Few empirical studies have
been conducted to evaluate its environmental impact, and further
research is needed. This particular aspect of direct and indirect
land-use change resulting from peri-urbanisation has been exam-
ined elsewhere (Rothwell et al., 2015a,b).
5. Conclusion
Integrated land-use options for PU regions were identiﬁed in
which housing and feeding an expanding population can both
be achieved with lower environmental impacts than is the norm
for greenﬁeld development. Inﬁll housing combined with HTG
food production provide optimal environmental outcomes for the
indicators of climate change, photochemical oxidant formation,
particulate matter, human toxicity and water scarcity. Co-beneﬁts
such as afforestation were then possible on land no longer needed
for housing or food production. Unexpectedly, freshwater eutro-
phication results were higher for HTG lettuce production than for
ﬁeld production. Waste produced during the manufacture of solar
PV panels, likely to impact in the country of manufacture (e.g.
China), used on the HTG contributed to this. Recommendations
for enhancing the representativeness of water-scarcity modelling
methods are proposed, for example by taking account of water
sources speciﬁcally related to urban and PU regions.
This study has given examples of alternative food and housing
land-use scenarios in the PU context. Supporting the develop-
ment of region-speciﬁc PU housing and food system typologies
will inform climate change consequences, and other environmen-
tal impacts, of urban development pathways which are currently
cited as a knowledge gap (Dhakal, 2010). Furthermore, housing and
food production typologies can be used to determine the attributes
of systems that will result in a desired reduction in their environ-
mental impact, such as for climate mitigation purposes.
In addition to providing an evidence base for land-use planning
decisions, the process of developing and evaluating scenarios could
be the basis for community engagement around the contested issue
of PU land use. Facilitating stakeholder engagement in such an exer-
cise has the potential to develop a deeper shared understanding
of the environmental consequences of speciﬁc courses of action,
potentially leading to a consensus view of a desired PU future.
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